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ABSTRAKT 
Diplomová práce se zabývá problematikou termochromních sloučenin a jejich použitím 
v současných technologií, zejména v průmyslu vyrábějícím vlákna tj. textilním průmyslu. 
Teoretická část je rešerší dosud známých sloučenin, u kterých byl zjištěn termochromismus. 
Experimentální část byla zaměřena na aplikaci termochromních sloučenin do polymerního 
materiálu a jeho následné zvláknění. Byl použit termochromní materiál označen ThermChrom 
BG (barevná změna z hnědé na zelenou), VB (z fialové na modrou) a OY (z oranžové 
na žlutou). 
Zvláknění termochromního materiálu předcházelo laboratorní testování. Cílem testování 
bylo především zjistit, zda je zvolený termochromní materiál vhodný pro technologii 
zvlákňování, kdy musí zpracovávaný materiál snést vysoké teploty a mechanické namáhání 
související s extruzí, zvlákněním, dloužením a tvarováním. 
Otestovaný termochromní materiál byl kompaundován do směsi s polypropylenem a poté 
byl zvlákněn u výrobce technického polotovaru. Následně byla provedena charakterizace 
barevnosti a mechanických vlastností zhotovených vláken ve srovnání s nebarvenými vlákny. 
 
 
ABSTRACT 
Diploma thesis deals with the problem of thermochromic compounds and their use 
in nowadays technologies, especially fibre technologies (i.e. textile industry). Theoretical part 
is literature search of compounds performing thermochromism known nowadays. 
Experiment was focused on applying thermochromic compounds into polymeric material 
and its subsequent processing to make fibres. Thermochromic material was used and labelled 
as ThermChrom BG (colour change from brown to green), VB (violet to blue) and OY 
(orange to yellow). 
Fibre-making process was preceded by laboratory testing. Goal of the testing was above all 
to find out if the chosen thermochromic material is suitable for fibre technology during which 
the processed material has to withstand high pressures and mechanical loading connected with 
extrusion, spinning, stretching and moulding. 
Mixture of thermochromic material was compounded into the mixture with polypropylene 
and underwent spinning process at the manufacturer of technical semi-product after passing 
the tests. Characterization of produced fibres followed. Characterization included colour 
measurements and measurements of mechanical properties of the product in comparison 
with non-coloured material. 
 
 
 
Klíčová slova: termochromismus, polypropylen, vlákna 
 
Key words: thermochromism, polypropylene, fibres 
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1. INTRODUCTION 
One of the definitions of thermochromism says that it is a reversible colour change 
observed for a variety of compounds with temperature variation [1]. A more precise definition 
has been given by Day: “Thermochromism is defined operationally as an easily noticeable 
reversible colour change in the temperature range limited by the boiling point of each liquid, 
the boiling point of the solvent in the case of solution or the melting point for solids.” [2] 
While Day’s definition is applicable for majority of inorganic and organic substances, we can 
use the term thermochromic also in important technical fields, which demands another 
external impulse together with temperature of the observed colour change (e.g. 
thermochromic pigments). 
Technically more suitable approach is the division of the reversible organic 
thermochromism in the “inner” system, where the heat is the only cause of the colour change, 
from an indirect system, where colour variation includes change of the chromophores 
surrounding caused by the change of temperature. 
Colour change induced by thermochromic behaviour occurs when certain temperature 
of thermochromic transition is reached. This transition temperature varies for different 
thermochromic compounds. Colour change is usually slow process; hence it can appear 
to occur in some temperature range. 
 
Scheme 1.1:  Only thermochromic compound is applied into the system; under 
the temperature of thermochromic transition system is coloured and above this 
temperature it is colourless 
 
 
Scheme 1.2:  System contains thermochromic and non-thermochromic (foundation) colour; 
colouration above temperature of thermochromic transition is caused by non-
thermochromic colour 
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Thermochromic compounds are already used in real life; they are used for the manufacture 
of thermochromic thermometers, mood-rings, hidden pictures on the cups, T-shirts, glasses, 
pens, etc. Most often uses are depicted below. 
 
              
 
Figure 1.1:  A popular mood-ring composed of a mixture of thermochromic pigments (left) 
and one of the possible thermochromic pigments contained in a mood-ring 
(right) 
 
                  
 
Figure 1.2:  Cold drink inside a cup (left), if we pour into the cup hot drink the structure 
of ice disappears (right) 
 
 
Figure 1.3:  Usage of a thermochromic ink (left) and paint (right) in the commercially 
manufactured goods 
 
 
↑ T 
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Besides these applications, which are more or less for fun, there are also applications, 
which are more useful. We can mention here thermochromic labels. They can serve 
for chilled food quality checking to ensure that the food is stored at the prescript temperatures. 
They can be also used for security authentication and brand protection and also in industrial 
product storage where there is a need of reaching certain set temperatures as a part 
of a process. 
 
Principle of colour change in thermochromic dispersions 
Thermochromic dispersions are manufactured for use in aqueous ink and coating systems. 
As the temperature rises, they change from coloured form to colourless one. They get back 
their coloured state when the temperature is decreased again. There can be observed a kind 
of thermal hysteresis, which means that the temperature needed to regain its former colour is 
significantly less than the temperature needed to obtain required colour change [3]. 
 
Scheme 1.3:  Principle of colour change in thermochromic dispersions 
 
There are two components in thermochromic dispersion systems: a solvent and a colorant. 
If the temperature is below the melting point of the solvent, these two parts stick together and 
the system is coloured because of the electron interactions. But if we increase the temperature 
of the system and this temperature reaches the melting point of the solvent, these two parts 
separate resulting in decolourization of the system (see Figure 1.3). 
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2. OBJECTIVE OF THE THESIS 
Objective of the thesis is to prepare the mixture of polypropylene with thermochromic 
additives for specific application, assure processing at the manufacturer of technical semi-
product and characterize the samples prepared. All work is based on the preceding literature 
search. 
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3. THEORY 
3.1. Thermochromic compounds 
3.1.1. Thermochromic mechanisms in inorganic and organometallic compounds 
Inorganic and organometallic substances are one of the three groups of substances 
mentioned in this work, which can be used to indicate temperature changes. This group 
of substances is not main object of this work so there is just a little remark of them. There are 
many mechanisms explaining their colour change with temperature variations. Some of them 
are listed below. 
Decrease in the thickness of the semi-conductor transition zone with the increase 
of temperature causes that for example white zinc oxide becomes yellow at higher 
temperatures. Transfer between particular crystalline phases is responsible for colour change 
of Cu2HgI4 from red at 20°C to black at 70°C. Change in a coordination number causes 
isopropanolic pink CoCl2 (at 25°C octaedric configuration around Co
2+ ion) to change to blue 
one (tetraedric configuration at 75°C). Another possibility is to change in ligand geometry 
(e.g. (Et2NH2)2CuCl4 is green at 20°C [cubic configuration] and yellow at 43°C [tetraedric 
configuration]). 
Inorganic thermochromic systems are not used widespread in textile industry because 
observed colour change is usually achieved in solutions or at high temperatures, while textile 
uses demand a reversible solid system suitable for printing-applications that exhibits distinct 
colour changes over a small temperature interval. Even though inorganic systems are not 
suitable for textile applications, they can be used in “warning” paints and crayons that 
indicate warm objects. 
  
3.1.2. Molecular conversions 
3.1.2.1 Spiroheterocyclic and related compounds 
Spiropyrans and spirooxazines are known in particular for their photochromic behaviour1, 
but they also exhibit thermochromic behaviour. The thermochromism of spiropyrans was 
discovered in 1926, and since that time it was extensively studied. Thermochromic properties 
of spirooxazines have been more recently reported [1].  
SP MC
O
X
RHC
X
O
R
HC
δ
+
δ
−
 
 
HC…heterocycle; R…alkyl residue; X = CH…spiropyran; X = N…spirooxazine 
 
Scheme 3.1:  Resonance between spiroheterocyclic form and open merocyanine-like 
structure of spiropyran and spirooxazine  
                                                 
1 process, in which chemical substance undergoes reversible change between two states with different absorption 
spectra that means different colour states (usually caused by UV radiation, alternatively by VIS or NIR) 
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The thermochromic mechanism is based on the opening of the ring, where the colourless 
spiroheterocyclic form (SP) changes into the quasi-planar open merocyanine-like structure 
(MC). 
The electronic distribution of the open form is situated between two resonance forms, its 
proximity to one form or the other depends on the structure and the medium. For example, 
spiro[indoline-pyrans] with a 6-NO2 group would be zwitterionic, whereas spiro[indoline-
naphthopyrans] or spiro[indoline-naphthoxazines] would be quinoidal. 
N
+
NO2
O
-
N
X
O
X = CH, N  
X = CH…spiropyrans 
X = N…spirooxazines 
O
-
R
HC
+ O
R
HC
 
HC…heterocycle 
Scheme 3.2:  Resonance forms of spiropyrans and spirooxazines (top) and general equation 
(bottom) 
 
There are many different spiropyran groups possessing thermochromic behaviour. 
For example, spiropyrans of the 2-oxaindane or azaindanone series with polycondensed 
chromene fragment have been synthesized as well as dithiolane series by Russian teams. 
Bridged spiropyrans are another group colourless in the spiroheterocyclic form and their 
heating from 40 to 80°C causes reversible colouration to blue colour. 
Besides monospiropyrans, also bis-spiropyrans have been extensively studied. These 
substances consist of two pyran rings separated by a group of atoms with saturated bonds. 
When we speak about colouration of bis-spiropyrans, it is usually sequence colouration. This 
means that in the first phase (heating within certain temperature range) only one pyran ring 
(chromophore) opens:  
 
O N
N O
Me Me
Me MeMe
Me
NH
+
N O
Me Me
Me MeMe
Me
O
-
  
SP – SP ↔ SP – MC 
 
Scheme 3.3:  Transformation between spiroheterocyclic – spiroheterocyclic structure and 
spiroheterocyclic - merocyanine-like structure 
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During the second phase (heating to the temperature above the temperature range), 
remaining chromophore opens which is described by following equation: 
 
NH
+
N O
Me Me
Me MeMe
Me
O
-
NH
+
NH
+
Me Me
Me MeMe
Me
O
-
O
-
 
spiroheterocyclic – merocyanine-like         ↔         merocyanine-like – merocyanine-like 
 
Scheme 3.4:  Transformation between spiroheterocyclic – spiroheterocyclic structure and 
merocyanine-like – merocyanine-like structure 
 
Until now, only spiropyrans were discussed, but we must also mention other groups 
of spiroheterocyclic substances. First to be mentioned are spirooxazines. Almost any 
spirooxazine substance is certainly thermochromic, but the examples of thermochromic 
behaviour described in the literature are few in number [1]. Examples can be found 
for spiro[indoline-naphthoxazines], spiro[indoline-benzoxazines], spiro[phenanthroxazines]. 
Thermochromic behaviour in solution shows 2-phenylamino-2H-pyran and benzo- or 
heteroannellated 2H-pyrans.  
 
Table 3.1:  Examples of thermochromic heterocyclic substances 
Group Type of a substance Chemical structure 
spiropyrans of the 2-oxaindane 
series 
 
RO
OCH3
CH3
R = H
R = Br
R = NO2
 
spiropyrans of the azaindanone 
series 
 
O
N
CH2Ph
O
 
S
P
IR
O
P
Y
R
A
N
S
 
spiropyrans of the dithiolane 
series 
 
S
S
O
R
S
S
O
R
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B
IS
-S
P
IR
O
P
Y
R
A
N
S
 
bis-spiropyrans 
O N
N O
R
Me Me
Me MeMe
Me
R
R = H
R = NO2
 
 
spiro[indoline-naphthoxazines] 
 
N
N
O
Me Me
R
6
R
5
R
4
R
1
R
8
´
R
6
´
e.g.: R
1
 = CH3, R
4
 = R
5
 = R
6
 = R
6
´ = R
8
´ = H
e.g.: R
1
 = R
4
 = R
5
 = CH3, R
6
 = R
6
´ = R
8
´ = H  
 
S
P
IR
O
O
X
A
Z
IN
E
S
 
spiro[indoline-
phenanthroxazines] 
 
N
N
O
X
X
R
1
MeMe
e.g.: X = CH, R
1
 = CH3
e.g.: X = CH, R
1
 = CH(CH3)2  
 
2-phenylamino-2H-pyrans 
 
O
NH
H
H5C6
 
 
2
H
-P
Y
R
A
N
S
 
benzo-/heteroannellated 2H-
pyrans 
 
X
O
Me2N
Me2N
N
CH3
O
R
R CH3
e.g.: X = O
e.g.: X = S
R = p-NMe2C6H4
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3.1.2.2. Schiff bases and related nitrogen-containing compounds 
Thermochromism and photochromism of that kind of the compounds in the solid state is 
observed thanks to the hydrogen transfer between enol-keto tautomeric forms. 
The compounds are Schiff bases of salicylaldehydes with arylamines, aminopyridines, and 
aryl- or thienylalkylamines. First observations were made at the beginning of the 20th century 
by Senier and Shepheard [4]. They focused on the coloured crystalline salicylideneanilines 
and found out that many of them were thermochromic. Colour change associated with these 
substances, upon heating, was usually from yellow to orange or red. 
Based on these pieces of knowledge, Cohen and Schmidt [5, 6] did their own extensive 
investigations and they found that photochromism and thermochromism were mutually 
exclusive properties of this series of compounds and suggested that this phenomenon is 
related to the crystal structure of the compounds and not to the chemical nature of the ring 
substituents. Salicylidene-2-chloroaniline (photochromic properties) and salicylidene-4-
chloroaniline (thermochromic properties) can serve as an example of such mutually exclusive 
properties.  
OH
N
Cl
OH
N Cl
photochromic thermochromic  
 
Scheme 3.5:  Photochromic vs. thermochromic behaviour dependence on the structure 
of the compound 
 
Ortho-hydroxy group enables the observation of thermochromism as well 
as photochromism. During absorption of thermal or photoelectric energy, intramolecular 
proton transfer occurs resulting in enol-keto tautomeric form. Difference between 
thermochromism and photochromism of these substances is in the planarity of the molecules.  
 
Scheme 3.6:  Difference between reaction mechanism and reaction products during 
thermochromic (top) and photochromic (bottom) transition 
 
Non-planar molecules exhibit only photochromism, because much energy is needed 
for hydrogen transfer and such energy can be provided by photochemical stimulation, 
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exclusively. If we talk about Schiff bases with planar molecular configuration, thermochromic 
effect happens to be limited, tautomeric equilibrium is shifted towards keto-form, which 
absorbs in the region of long wavelengths. 
The major thermochromic Shiff bases prepared by condensation of salicyladehydes 
with anilines are shown in Table 3.2. 
 
Table 3.2:  Thermochromic substituted salicylideneanlines 
Salicylideneanilines R R´ (*) 
3, 4, 5, 6: -H 2´: -F, -CH3, -OCH3 
3´: -Cl, -Br, -F, -I, -OCH3, -OH 
4´: -Cl, -F, -CH3, -NO2 
4, 5, 6: -H 
3: -OCH3 
2´: -Cl, -Br, -CH3, -OCH3 
3´: -Cl, -Br, -OCH3 
4´: -Cl, -Br, -CH3, -OCH3 
3, 5, 6: -H 
4: -OH 
2´: -Br 
3´: -Br 
4´: -Br, -SO2NH2 
OH
N
R
R´
3
4
5 6
2´ 3´
4´
 
3, 4, 6: -H 
5: -Cl 
2´: -Cl, -Br, -OCH3 
3´: -Cl, -Br, -CH3  
4´: -Cl, -CH3 
(*) There is always just one carbon atom (2´, 3´ or 4´) substituted, there is hydrogen atom on the others. 
 
If we replace the phenyl in the aniline part by a 2-pyridyl group, we get only 
thermochromic molecules. From X-ray crystallographic studies of compounds in this series, it 
has been suggested that planarity is achieved because of the position of the N atom 
of the pyridine ring, which is always cis with respect to the (N=C)–H hydrogen atom [1]. 
 
Table 3.3:  Thermochromic N-Salicylideneaminopyridines 
N-Salicylideneaminopyridines R R´ (*) 
3, 4, 5, 6: -H 3´, 4´, 5´, 6´: -H 
5´: -Cl 
6´: -CH3 
3´, 5´: -Cl 
3, 4, 6: -H 
5: -CH3 
3´, 4´, 5´, 6´: -H 
 
3, 4, 6: -H 
5: -Br 
3´, 4´, 5´, 6´: -H 
 OH
N
N
R
R´
3
4
5 6
3´ 4´
5´
6´
 
4, 5, 6: -H 
3: -CH3 
3´, 4´, 5´, 6´: -H 
3´: -CH3 
4´: -OCH3, -CH3 
3, 4, 5, 6: -H 3´, 4´, 5´, 6´: -H 
6´: -OCH3 
2´: -Cl 
3, 4, 6: -H 
5: -Cl 
3´, 4´, 5´, 6´: -H 
5´: -OCH3, -Br OH
N
N
R
R´
3
4
5 6
4´ 5´
6´
2´
 3, 4, 6: -H 
5: -OCH3 
6´: -OCH3 
5´: -Br 
(*) There is always just one C-atom (3´, 4´, 5´ or 6´) substituted, H-atoms are on the residual C-atoms. 
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3.1.2.3. Electron donor-acceptor systems 
Electron donor-acceptor system has two main parts: electron-donor and electron-acceptor. 
Chromogenic material serves as electron-donator meanwhile electron-accepting part is colour 
developer such as attapulgite, kaolin, clay, zinc chloride, a phenol, zinc salicylate, aluminium 
benzoate, etc. [7]. Another important part of electron donor-acceptor system is a sensitizer. 
Sensitizer is selected from among sparingly volatile solvents such as polyglycols, quaternary 
ammonium salts, non-ionic surfactants, alcohols, esters, ketones and acid amides. The exact 
mechanism by which the sensitizer helps in the color forming reaction is not well known. It is 
generally believed that the sensitizer forms a eutectic compound with one or both of the color 
forming compounds. This brings down the melting point of these compounds and thus helps 
the color forming reaction take place at a considerably lower temperature. [8] 
Examples of electron-donating chromogenic materials are substituted phenylmethanes, 
fluorans, indolyl phthalides, coumarins, leuco dyes, etc. Chromogenic material is used 
in an amount of 0.1 to 20 wt% based on the whole composition. 
 
O O
CH3 O
O
N
phenylmethane indolyl phthalide coumarin  
 
Scheme 3.7:  Example of electron-donating chromogenic material 
 
O
O
O
R
2R
1
R
3
R
1
 = -OCH3, -Cl, -N(C2H5)2
R
2
 = -OCH3, -NH(C6H6), - CH3
R
3
 = -Cl, -NH(C6H6)
 
 
Scheme 3.8:  General formula of fluoran with possible substituents mentioned 
 
Liquid mixture of electron-donating chromogenic material, electron-accepting colour 
developer and a solvent is encapsulated in microcapsules and these microcapsules are then 
bound to the fibres of the fabric. Example of such liquid mixture is leuco dye (Crystal Violet 
lactone) mixed with a weak acid (1,2,3-benzotriazole) and sensitizer - a quaternary 
ammonium salt of fatty acid (myristylammonium oleate) dissolved in a solvent (1-dodecanol). 
Coloured complex of the weak acid and the leuco dye can be observed at the temperatures 
below the temperature of thermochromic transition. Lactone ring is interrupted by weak acid 
at this temperature. When the temperature is increased, the solvent melts and the salt 
dissociates, reversibly reacts with the weak acid and increases the pH. The pH change leads 
to the closing of the lactone ring of the dye which then recuperates its colourless (leuco) form. 
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N
CH3 CH3
N
CH3
CH3 N CH3
CH3
O
O
C
+
N
CH3 CH3
N
CH3
CH3 N CH3
CH3
COOH
H
+
OH
-
 
 
 
Scheme 3.9:  Change of Crystal Violet lactone structure when placed in basic or acidic 
surrounding. Colour change is from blue to colourless 
 
Electron donor-acceptor systems of above described composition have several advantages. 
Chromogenic materials can be prepared for various colours for selective use. 
The chromogenic material gives a high colour density and is therefore used in a relatively 
small amount economically. The composition is applicable directly to articles of any kind. 
The colour change temperature can be set over a wide range of low to high temperatures 
depending on the kind of solvent. Besides advantages, there are also few drawbacks. Some 
colour developers, especially phenols, have very low resistance to oxidation and ultraviolet 
radiation; as a result they gradually discolour or stop to serve as colour developers. Another 
disadvantage is that the solvent has to be used in a very large amount to assure the desired 
thermochromic effect. This limits the colour density and the durability of the composition. 
The composition has then very low resistance to solvents, washing and heat.  
Mentioned drawbacks can be avoided when using proper compounds, like for example 
if we use 1,2,3-triazole compound as a colour developer in combination with a weakly basic, 
sparingly soluble azomethine or carboxylic acid primary amine salt as a solvent, we can get 
the thermochromic composition with great properties and no drawbacks [7]. The foregoing 
1,2,3-triazole compounds are not readily oxidized when exposed to the atmosphere or 
sunlight, they are very stable and free of colouring. 
 
Table 3.4:  Possible mixtures of electron donator-acceptor thermochromic systems 
Composition Type of a substance Amount 
colour developer 1,2,3-triazole compound 0.1 – 40 wt% 
sensitizer 
weakly basic, sparingly soluble azomethine 
carboxylic acid primary amine salt 
0.5 – 50 wt% 
chromogenic material 
substituted phenylmethanes 
fluorans 
0.1 – 20 wt% 
solvent alcohol, amide or ester 1 – 50 wt% 
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3.1.3. Stereoisomerism 
Bianthrylidene systems, such as bianthrones, exhibit thermochromic behaviour caused 
by two distinct, mutually interconvertible isomeric species (A and B forms). A form exists 
at room temperature (λmax = 380 nm) in yellow colouration and it is partially converted 
to B form with green-colouration (λmax = 680 nm) during continuous heating of the solution.  
In the A form, the severe repulsion between the two anthrone moieties is avoided 
by the adoption of a folded conformation. This feature has been confirmed by X-ray 
crystallographic investigation and dynamic NMR studies. Among the various proposed 
structure for the thermo-induced B species (supposedly identical to the photochromic ones), 
the twisted conformation has gathered a variety of experimental and theoretical support. 
According to theoretical studies anthrone moiety would be planar, and the angle 
between them would be very large (57° or 64°). [1] 
 
Scheme 3.10:  Folded A form and twisted B form according to molecular mechanics 
calculations 
 
There are two geometrical isomers expected for appropriately substituted bianthrones: 
E form and Z form. These two forms are showed below. Bulky R-substituents prevent 
thermochromism. The potential barrier is too high to be overcome and so B-form is therefore 
unobservable.  
 
O
O
R
1
R
2
O
O
R
1
R
2
Z form E form  
Scheme 3.11:  E and Z forms of the bianthrones 
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3.1.4. Planar/non-planar conformation change 
As their name itself tells us, polythiophenes are the products of the polymerization reaction 
of thiophenes. Thiophenes are sulphur heterocycles that can become conducting when 
electrons are added or removed from conjugated π-orbitals via doping. Polythiophenes 
demonstrate interesting optical properties resulting from their conjugated backbone [9]. 
The optical properties of these materials respond to environmental stimuli, with dramatic 
colour shifts in response to changes in solvent (solvatochromism), temperature 
(thermochromism), applied potential, pressure (piezochromism) and binding to other 
molecules. 
 
SCH3 CH3
R
4
R
3
n  
Scheme 3.12:  General formula of polythiophenes that can be substituted in positions 3 and 4 
 
The study of polythiophenes has intensified over the last three decades. Thanks to their 
electrical conductivity, resulting from the delocalization of electrons along polymer backbone, 
they are also called “synthetic metals”.  
The extended π-systems of conjugated polythiophenes cause some of the most interesting 
properties of these materials – their optical properties. Conjugation relies upon overlap 
of the π-orbitals of the aromatic rings, which, in turn, requires the thiophene rings 
to be coplanar. 
 
 
 
 
Figure 3.1:  Polythiophene chain with absorption at long wavelengths (top) and twisted 
polythiophene chain absorbing at short wavelength (bottom) 
 
The number of coplanar rings determines the conjugation length – the longer 
the conjugation length, the lower the separation between adjacent energy levels, and 
the longer the absorption wavelength. Deviation from co-planarity may be permanent 
(resulting from mislinkages during synthesis or especially by bulky side chains) or temporary 
(resulting from changes in the environment or binding). This twist in the backbone reduces 
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the conjugation length (Figure 3.1, bottom), and the separation between energy levels is 
increased. This results in a shorter absorption wavelength. [9] 
Twisting of the conjugated backbone can be caused by a variety of environmental factors, 
including temperature changes, changes in solvent, application of electrical field, etc. 
This twisting results in reducing the conjugation length and hence an absorption band shift. 
Conformational transition is the reason of the shifts in polythiophene absorption bands. 
Polythiophene has a coplanar, rod-like structure at lower temperatures but if the temperature 
is increased it gains a non-planar, coiled structure. This conformational transition is caused 
by an increase of the repulsive intrachain steric interactions upon heating which then force 
the thiophene backbone to adopt a non-planar conformation. [10]  
Poly(3-(octyloxy)-4-methylthiophene) changes from red-violet colour at 25°C to pale 
yellow at 150°C. Coexistence of two phases existing on the same or different chains is 
indicated by an isosbestic point2. Not all thermochromic polythiophenes possess isosbestic 
point. For example highly regioregular poly(3-alkylthiophene)s show a continuous blue-shift 
with temperature increasing if the side chains are short enough so that they do not melt and 
interconvert between crystalline and disordered phases at low temperatures. [9] 
The asymmetry of 3-substituted thiophenes results in three possible couplings when two 
monomers are linked between the 2- and the 5-positions. These couplings are: 
- 2,5´ or head-tail (HT) coupling 
- 2,2´ or head-head (HH) coupling 
- 5,5´ or tail-tail (TT), coupling 
These three can be combined into four distinct triads shown in Scheme 3.13. Triads can 
be distinguished by NMR spectroscopy. 
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Scheme 3.13:  Four possible triads formed by combining of 3-substituted polythiophenes 
 
Polythiophenes can be substituted by alkyl and alkoxy groups as well as by phenyl-
residues. Highly sterically hindered substituted polythiophenes do not show thermochromic 
behaviour. It was reported that polymers that show chromic behaviours had a flexible 
backbone with relatively smaller energy barrier against planarity. On the other hand, non-
chromic polymers have a large energy barrier between the planar and twisted conformations 
[11].  
                                                 
2 An isosbestic point is a point where the absorbance curves at all temperatures overlap. 
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3.2. Colour 
Colour is a visual attribute of things that results from the light they emit, transmit or 
reflect. The science of colour is sometimes called chromatics. It includes the perception 
of colour by the human eye and brain, the origin of colour in materials, colour theory in art 
and the physics of electromagnetic radiation in the visible range. 
Colour is a matter of perception and subjective interpretation. One colour can be described 
differently by different people. There are many surrounding conditions which may affect 
colour perception. One colour does not look the same if observed under sunlight, tungsten or 
fluorescent light. Background differences cause contrast effect, objects look different when 
lying on the bright or dark surface. Sometimes also direction from which the object is 
observed causes colour perception differences, particularly metallic paints have highly 
directional characteristics. Interesting fact is also that larger objects look always brighter and 
more vivid than smaller one. This is referred to as area effect. Another important thing 
affecting changes of colour perception is change in observer. The sensitivity of each 
individual's eyes is slightly different; even for people considered to have "normal" colour 
vision there may be some bias towards red or blue. Also, a person's eyesight generally 
changes with age. [12] 
We can think of colour either from psychological or physical point of view. Colour 
psychology is a field of psychology devoted to analyzing the effect of colour on human 
behaviour and feeling. It is an immature field of study being questioned by mainstream 
psychologists and therefore qualified as “alternative medicine”.  
We will focus just on the physical point of view. A “red” object does not emit red light. 
Rather it simply absorbs all the frequencies of visible light coming on it except for a group 
of frequencies that is perceived as red being reflected. An object is perceived to be red only 
because the human eye can distinguish between different wavelengths.  
The phenomenon of seeing colour is dependent on a triad of factors: the nature of light, 
the interaction of light and matter, and the physiology of human vision. Each factor plays 
a vital part and the absence of any one would make seeing colour impossible. [13] Hence 
three things are necessary to be able to see colour: light source, observed object and detector 
(e.g. human eye).  
 
Scheme 3.14:  Perception of colour: light, object and eye must be presented 
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A) LIGHT & LIGHT SOURCE 
Light (or visible light) is an electromagnetic radiation of a wavelength that is visible 
to the human eye. In a scientific context the word “light” is sometimes used to refer 
to the entire electromagnetic spectrum. The study of light is known as optics. Light has three 
primary properties and these are intensity (or brightness), frequency (or wavelength) and 
polarization (or direction of the wave oscillation). Light can exhibit properties of both waves 
and particles. This property is called wave-particle duality.  
The light particles, called photons, radiate from their source in a wave pattern at a constant 
speed of exactly 299 792 458 m/s in vacuum. Light is reduced to three colour components 
by the eye. For each location in the visual field, the three types of cones yield three signals 
based on the extent to which each is stimulated. These values are sometimes called tristimulus 
values. 
 
Figure 3.2:  Electromagnetic spectrum showing wavelength/frequency ranges of different 
radiations 
 
Electromagnetic spectrum consists of different types of electromagnetic radiation. This 
includes γ rays, X rays, radio waves, ultraviolet, and infrared radiation. Electromagnetic 
spectrum has on its one edge the radiation with the longest wavelengths (radio waves with λ 
from 1 millimetre to several kilometres) and on its other edge there is radiation with 
the shortest wavelengths (γ rays with λ at less than 0.1 nanometres). 
Light comes from a variety of sources. Because colour depends on the reflection of light 
from an object, the nature of the light source is of the utmost importance. The most obvious 
light source in our experience is the sun; other obvious sources include flame and various 
kinds of electric lamps. [13] 
 
Incandescent sources 
When a body is heated to or over 1000K it emits light. The surface of the Sun has 
a temperature about 5800K and it is a natural incandescent source as well as a candle. 
The most common man-made incandescent source is tungsten filament light bulb 
(temperature about 2850K). 
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Gas Discharge 
Gases emit light when an electric current passes through them. The nature of the light 
depends on the gas used as the conductor. Common types of gas discharge sources are 
sodium, mercury, and xenon lamps 
 
Photoluminescence 
Phosphors are substances that absorb and then re-emit light. When they do this, they 
change the nature of the absorbed light. Source is florescent if there is at the same time 
absorption and re-emission of the light. Phosphorescent source is such where re-emission 
continues even though there is no longer absorption. Example of photoluminescence source is 
a florescent lighting tube (mercury lamp coated inside with phosphorus) 
 
Other, more obscure, means of producing light come from chemical reactions (producing 
light but no heat) or other means of exciting solids, liquids, and phosphors such as electric 
conduction and bombardment with electrons. None of these, however, are commonly 
encountered as light sources. [13] 
We take light sources (sun or other artificial lighting) for granted. Yet unless there is 
a source of light, there is nothing to see. In everyday language we speak of “seeing” objects, 
but it is not the objects themselves that we see. What we see is light that has been reflected 
from or transmitted through the objects. 
Colours we see are highly influenced by the characteristics of the light source used 
for their illumination. If we look on an object under a red light, it will look differently than 
when we look at the same object under a blue light. As to measure colour, we must at first 
measure the characteristics of the light source that is used for the illumination of the observed 
object, those characteristics are colour temperature and spectral power distribution. 
Colour temperature is connected with the heat of a light source. As colour temperatures 
vary, so does the makeup of the light in terms of the relative power of its constituent 
wavelengths. [13] 
Spectral power distribution is connected with the wavelengths that form the light emitted 
form a source at a particular colour temperature. It varies not only for different light sources, 
but also for one light source in different conditions. The best example is the most common 
light source – Sun. Its spectral power distribution greatly varies depending on solar altitude 
and on weather and atmospheric conditions. In general, sources with cooler colour 
temperatures emit bigger amount of the longer wavelengths (red to yellow) than the shorter 
wavelengths (blue to violet). Blackbodies with higher colour temperature emit all 
wavelengths is more similar distributions with slightly bigger relative power of the blue 
to violet wavelengths. 
 
B) OBSERVED OBJECT 
Light reaching the object can be absorbed, reflected, or transmitted. Amount of light 
reflected or transmitted vary at different wavelengths depending on the chemical structure 
of the object and other factors. For the purposes of colour measurement, this variation is 
described in terms of spectral reflectance or spectral transmittance characteristics. These 
characteristics respectively describe the fraction of the incident power reflected or transmitted 
as a function of wavelength.   
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Scheme 3.15:  Incident light splits up into absorbed, reflected and transmitted light 
 
In most cases, object´s spectral characteristics will correlate in a straightforward way with 
the colour normally associated with the object. [14] Figure 3.3 shows spectral characteristics 
of four objects of different colour. Blue object is seen such because it reflects a greater 
fraction of blue light (shorter visible wavelengths) than of green light (middle visible 
wavelengths) or red light (longer visible wavelengths).  
 
Figure 3.3:  Spectral characteristics of yellow, blue, red and purple objects 
 
Sometimes, however, the correlation of colour and spectral reflectance is less obvious. 
Object may appear blue to a human observer, even though it has according to spectral 
characteristics more red-light reflectance than blue-light reflectance. 
In colour science, a “colour” that is to be viewed or measured is called more correctly 
a colour stimulus, always consisting of light. Sometimes that light might come directly from 
a light source itself (e.g. direct viewing of a flame of a lighted candle). More often are colour 
stimuli result of light reflected from or transmitted through given objects. The spectral power 
distribution of this stimulus is the product of the spectral power distribution of the fluorescent 
source and the spectral reflectance of the apple. [14] If we change the light source also 
the resulting colour stimulus changes.  
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Figure 3.4:  Resulting stimulus is the product of spectral power distribution of the light 
source, spectral reflectance of the coloured object and spectral sensitivity 
of the cones in the human eye 
 
One object looks differently under two different sources of light, its colour is not invariant 
and also it is not determined by the object itself only. By changing the illumination we can 
make object to look almost any or no colour. 
 
C) HUMAN’S DETECTOR 
Humans have two types of receptors for vision, rods and cones. Rods work under dim 
lighting conditions, whereas cones function under bright lighting conditions. Rods and cones 
are located on the retina, a thin layer in the back of the eye. In the dark, we cannot see colours 
because there is only one kind of rods. We can distinguish objects only by the differences 
of brightness. In the environment that is bright enough, we can see various colours. This is 
due to the three kinds of cones we have. [15] 
 
Figure 3.5:  The human eye. The iris regulates the amount of light that enters the eye 
(to avoid saturation). The lens and cornea focus the light and send it 
to the retina where it is captured, an image is formed and colour is perceived 
 
Colour vision is the capacity of an organism to distinguish objects based 
on the wavelengths (or frequencies) of the light they reflect or emit. The nervous system 
derives colour by comparing the responses to light from the cone photoreceptors in the eye 
sensitive to different portions of the visible spectrum. For humans, the visible wavelength 
spectrum ranges approximately from 400 – 700 nm and there are normally three types 
of cones which provide trichromatic colour vision. This makes humans being known 
as trichromats. [16] 
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While most humans are trichromatic (having three types of colour receptors), many 
animals, known as tetrachromats, have four types of colour receptors. These include some 
species of spiders, most marsupials, birds, reptiles, and many species of fish. Other species 
are sensitive to only two axes of colour or do not perceive colour at all; these are called 
dichromats and monochromats respectively. A distinction is made between retinal 
tetrachromacy (having four pigments in cone cells in the retina, compared to three 
in trichromats) and functional tetrachromacy (having the ability to make enhanced colour 
discriminations based on that retinal difference). As many as half of all women, but only 
a small percentage of men, are retinal tetrachromats.[17] The phenomenon arises when 
an individual receives two slightly different copies of the gene for either the medium- or long-
wavelength cones, which are carried on the x-chromosome, accounting for the differences 
between genders.[17] For some of these retinal tetrachromats, colour discriminations are 
enhanced, making them functional tetrachromats. 
 
Figure 3.6: Comparison of rods and cones being placed in retina of the human eye 
 
In the human eye, the cones are receptive to short, medium and long wavelengths of light 
and are therefore being called S-, M- and L-cones. L-cones are often referred to as the red 
receptors, S-cones are blue receptors and M-cones are green receptors.  
 
 
 
Figure 3.7:  Normalized response spectra of human rods and cones (S, M, and L types) 
to monochromatic spectral stimuli 
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Sensitivity to monochromatic spectra stimuli of the cones varies. For example L-cones have 
the sensitivity peak in greenish-yellow region of the spectra with wavelength around 534 nm. 
M-cones have the sensitivity peak in region 534-545 nm (green region) and its response 
spectra is similar to L-cones which is given by their chemical and genetical similarity. Cones 
of type S are relatively distinct from the other two cones they are sensitive to light that we 
perceive as violet with wavelengths around 420 nm. 
The sensitivity of the human visual system rapidly decreases above 650 nm and 
at the same time it has very little sensitivity to wavelengths below 400 nm. This is why 
sometimes the correlation of colour and spectral reflectance is less obvious and objects may 
seem blue to us even though they have more red-light reflectance than blue-light reflectance. 
When the electromagnetic waves are absorbed by the photopigments in the cones, 
the cones generate neural signals. These signals are sent to various cells in the retina including 
ganglion cells. The retinal ganglion cells send their signals to the lateral geniculate nucleus 
(LGN) in the thalamus. [15] This trichromatic (three-channel) process allows the human 
visual system to distinguish very small differences in stimulation of three types 
of photoreceptors. It has been estimated that stimulation of these photoreceptors to various 
levels and ratios can give rise to about ten million distinguishable colour sensations. [14] 
Important term in colour science is metamerism. We speak about metamerism when two 
colour stimuli having different spectral power distributions will appear to have identical 
colour. This is possible only when those two colour stimuli produce the same stimulations 
of the photoreceptors. These two stimuli are then called metameric pair. Metamerism deals 
with matching of stimuli, not the objects. Result of this fact is that two objects with different 
spectral reflectances may match under one light source, but if we replace it by another one 
their colour may differ a lot.  
 
3.2.1. Chromatics 
Science of colour is called chromatics. It includes the perception of colour by the human 
eye and brain, the origin of colour in materials, colour theory and models and the physics 
of electromagnetic radiation in the visible region. All of these things have been discussed 
in theoretical part of this diploma work except of colour theory and colour models. These will 
be mentioned here. 
The first colour theory assumed that primary or primitive colours are red, yellow and blue 
(RYB) and that by their mixing it is possible to get any colour we want. This colour theory 
was founded in the 18th century. In these times investigations of psychological colour effects 
were made. Consequently, German and English scientists in the late 19th century laid 
the foundations of red, green and blue violet (RGB) theory. Quantitative description of colour 
mixture or Colourimetry was developed in the early 20th century along with a series 
of sophisticated models of colour space and colour perception. For the needs of three-colour 
printing industry and photography (where white colour is provided by the paper itself) cyan 
magenta yellow (CMY) model was developed. To achieve darker colours, CMYK model is 
used where original CMY model is supplemented by black colour K (Key colour). 
RGB colour model uses additive colour mixing because it describes what kind of light 
needs to be emitted to produce a desired colour. CMYK uses subtractive colour mixing 
(e.g. printing process) because it describes what kind of inks need to be applied so the light 
reflected from the substrate and through the inks produces a desired colour. 
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Scheme 3.15:  Additive (left) and subtractive (right) colour mixing 
 
Additive colour mixing works in a way that if we mix any two primary colours we get one 
of the secondary colours (e.g. red + blue = magenta). If we mix all primary colours together 
we get white colour. Without any primary colour (without light) we get black colour 
(darkness). 
Subtractive colour mixing works the opposite way. As it was already said it is used mainly 
in printing and photography industry. This is important fact to mention because we must 
realize that printing inks are applied on some substrate (e.g. paper) of a white colour. It means 
that if there is no secondary colour used we get white colour whereas if we mix 
all the secondary colours we get black colour.  
 
Scheme 3.16:  Coloured light reflected by ink based on CMYK exposed to white light 
 
There are three relative attributes that define all colours. First one is lightness and it says 
how dark or light is colour. Second one is saturation which states the intensity or dullness 
of colour. Third attribute is hue and it describes the colour as we are used to name it, i.e. red, 
blue, green etc.  
Historical colour theory scientists assumed that all possible colours can be made by mixing 
three pure primary colours. Nowadays theories speak about imaginary primary colours which 
are used in colourimetry and by combination of these we can get or quantify full range 
of colours humans can perceive. Using three real primary colours so called gamut is obtained 
which is a limited range of colours. This problem will be discussed in next chapter dealing 
with colourimetry. 
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3.2.2. Mathematical description of colour 
If we say colour to people from different technologies they understand different meanings 
of that simple word. Some may imagine property of light sources and some may imagine 
a property of an object’s surface. This is the reason why we need mathematical description 
of colour, in other words we need colour to be physically measured – it is the condition 
for colour to be recorded and then reproduced again.  
Colourimetry is the science and technology used to quantify and describe physically 
the human colour perception. The basis for colourimetry was established by CIE in 1931 
based on visual experiments. [18] CIE stands for Commission Internationale de l´Eclairage 
(International Commission on Illumination). The commission was founded in 1913 
as an autonomous international board to provide a forum for the exchange of ideas and 
information and to set standards for all things related to lighting. As a part of this mission, 
CIE has a technical committee – Vision and Colour – that has been a leading force 
in colourimetry since it first met to set its standards in Cambridge, England, in 1931. [14] 
The CIE colour model was developed to be completely independent of any device or other 
means of emission or reproduction and is based as closely as possible on how humans 
perceive colour. [14] Important part of the CIE colour model is to define the conditions 
in which the measurements take place which means to define standard sources and standard 
observer as well. For better understanding why these two things must be defined experiment 
will be explained at first. 
In course of the experiment, light of a particular test lamp is used to illuminate one half 
of the screen viewed by observer. The other half is illuminated by the superposition of light 
from three independent sources. Independent in this context means that none of the sources 
can be matched by a mixture of the other two. The independent sources (red, green, blue) are 
called colour primaries. The observer viewed the screen through an aperture and determined 
when the two halves of the split screen were identical. The RGB tristimulus values for each 
distinct colour could be obtained this way. [14; 13] 
 
 
Scheme 3.17:  Arrangement of experiment when tristimulus values for every wavelength 
of the visible spectrum were measured 
 
As it was already said standard sources were defined by CIE. There are three sources 
of which the first one is a tungsten-filament lamp with a colour temperature3 of 2854K. 
                                                 
3 The colour temperature of a light source is determined by comparing its chromaticity with a theoretical 
heated black-body radiator. The temperature at which the heated black-body radiator matches colour of the light 
source is that source’s colour temperature. For a black body source it is directly related to Planck’s law. 
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Second source is a model of noon sunlight with a temperature of 4800K and the third source 
is a model of average daylight with a temperature of 6500K. 
CIE has two specifications for a standard observer. Original one is from 1931 and was 
revised in 1964 by another specification. In both cases the standard observer is a composite 
made from small group of individuals (15-20) and is representative of normal human colour 
vision. The difference between the 1931 and 1964 standard observers was the field of vision 
used to view the screens. The 1931 observer had a 2° field of vision (i.e. the amount taken in 
by the fovea alone). This was later considered inadequate in many cases since it did not take 
in enough of the observer’s peripheral vision. The 1964 specification widened the observer’s 
field of vision to 10° in order to get tristimulus values that reflect a wider retinal sensitivity. 
Let’s have the experiment be done using test colours of monochromatic light for each 
of the visible wavelengths in region 380 nm – 740 nm. Doing this we get a set of three curves 
(for each source of light) called colour-matching functions ( ) ( ) ( )λλλ bgr   ,  , . When having 
measured colour-matching functions for given sources we have the tristimulus values 
(the amounts of each of the primaries) needed to match a defined amount of light at each 
spectral wavelength. 
 
 
 
Figure 3.8: Colour-matching functions of three real, monochromatic primary lights 
 
Taking advantage of having measured colour-matching functions can be seen at Figure 3.8. 
If we want to have colour of a certain wavelength we simply made a parallel line with y-axis 
intersecting the desired wavelength. Where this line intersects ( ) ( ) ( )λλλ bgr   ,  ,  functions 
(colour-matching functions of primary colours red, green and blue respectively) we read 
the value on the y-axis and it gives us the tristimulus value of that source needed. At 444 nm 
there is zero tristimulus value of green and red colour which indicates “pure” blue colour. It is 
analogous for green and red colour at wavelengths 526 and 645 nm respectively. 
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3.2.2.1. CIEXYZ colour space (1931) 
Once the RGB tristimulus values were obtained, they were found to be wanting in some 
regards. Due to gamut restraints, the RGB colour model could not reproduce all spectral light 
without introducing the effect of negative RGB values (this was done by mixing red, green or 
blue light with the test lamp as needed). CIE thought a system that used negative values 
would not be acceptable as an international standard. Accordingly, they translated the RGB 
tristimulus values into a different set of all positive tristimulus values, called XYZ, which 
formed the first CIE colour model. From this first model, other models were derived 
in response to various concerns. [13] 
In order to achieve positive tristimulus values through the whole spectrum, imaginary 
primaries had to be introduced. Imaginary primaries correspond to hypothetical illuminants 
having negative amounts of power at some wavelengths. For example the imaginary “green” 
illuminant has positive power in the green spectral region, but it has negative power 
in the blue and red regions. Imaginary primaries are just means for mathematical calculations. 
They do not exist in real world. If we choose imaginary primaries appropriately we get 
colour-matching functions being positive throughout whole visible region of light. This fact is 
important mainly for being able to use devices called colorimeters. The spectral responsivities 
of a colorimeter directly correspond to the colour-matching functions ( )λx  (“red”), ( )λy  
(“green”) and ( )λz  (“blue”) of the CIE Standard Observer. A colorimeter therefore can 
provide a direct measure of the CIE XYZ tristimulus values of a colour stimulus. [14] 
 
Figure 3.9:  The CIE Standard Observer colour-matching functions 
 
It was normalized that Y tristimulus value refers to luminance [cd/m2]. We can divide 
the colour to two parts: brightness and chromaticity. Brightness is given by Y tristimulus 
value while chromaticity of a colour was specified by two derived parameters x and y, 
two of the three normalized values which are the functions of all three tristimulus values X, Y 
and Z.  
Having x and y equal and changing just the Y value we can get white colour (the biggest 
brightness) as well as some hues of grey (less bright). Normalized Y values are called 
(percent) luminance factor values. 
Based on previous assumptions, derived colour space was specified by x, y and Y. Colour 
space is called CIE xyY colour space or chromaticity diagram and is widely used to describe 
colours in everyday life. 
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Figure 3.10:  The CIE 1931 xyY colour space with all physically realizable colour stimuli 
 
The horseshoe-shaped boundary of the CIE 1931 colour space chromaticity diagram is 
the spectrum locus (a line connecting the points representing the chromaticities 
of the spectrum colours). Bottom line connecting 380 and 700 nm is called purple boundary. 
The chromaticity coordinates of all physically realizable colour stimuli lie within the area 
defined by the spectrum locus and the purple boundary. [14]  
 
 
 
Figure 3.11:  The CIE chromaticity diagram 
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What we can see on Figure 3.11 is the difference between imaginary and real primaries as 
they were mentioned above. Imaginary primaries are represented by points marked as x, y and 
z (corners of the biggest triangle). It is obvious that all physically realizable colour stimuli 
(i.e. colours visible to average person with normal vision or gamut of human vision) can 
be achieved by mixing of imaginary primaries because all of these colour stimuli are enclosed 
by triangle xyz. Real primaries are marked as R, G and B and they form smaller triangle. 
These are all colour stimuli realizable by using real primary colours (important term 
for computer graphics and photography). Only colour stimuli inside the triangle RGB have all 
three tristimulus values positive; outside the triangle colour stimuli have always at least one 
tristimulus value negative. 
Some interesting facts about chromaticity diagram should be mentioned. White colour lies 
at the approximate centre of the RGB triangle. Saturation of the colour increases 
from the white colour to the edges of the gamut. If we choose any two points (colours) 
within the gamut and connect them by a straight line, all possible colours made by mixing 
of these two colours must lie on this line. If there are three colours to be mixed the possible 
resulting colours must lie inside the triangle formed by connecting three points representing 
initial colours. David MacAdam introduced the idea of measuring colour difference. Based on 
his work, the CIE L*u*v* and CIE L*a*b* colour spaces were developed. Both of them were 
designed to be perceptually uniform which means to have an equal distance in the colour 
space corresponding to equal difference in colour. CIEXYZ colour space does not allow this. 
Next chapters deal with the idea of CIE L*u*v* and CIE L*a*b* colour spaces. 
 
3.2.2.2. CIELUV colour space (1960, revision 1976) 
CIE 1931 colour space was inadequate because the two-dimensional diagram failed to give 
a uniformly-spaced visual representation of what is actually a three-dimensional colour space. 
The problem was that if you draw lines in a chromaticity diagram connecting points which are 
perceptually equally distant those lines would not be of the same length. To correct this, 
a number of uniform chromaticity scale (UCS) diagrams were proposed. These UCS diagrams 
used a mathematical formula to transform the XYZ values or x, y coordinates to a new 
set of values (u, v) that presented a visually more accurate two-dimensional model. 
 
 
Figure 3.12:  CIE L*u*v* chromaticity diagram from 1960 (left) and CIE L*u´v´ diagram 
from 1976 (right) 
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As we can see on Figure 3.12 the effect of transforming XYZ to L*u*v* was to elongate 
the blue-red portions of the diagram and relocate the illuminant/white point to decrease 
the visual disparity with the green portion. All these changes were still found unsatisfactory 
and so modification of CIE L*u*v* was required. Whole change was to replace u, v values 
by u´, v´ values. Replacement was made by multiplying v values by 1.5. So in the new 
diagram u´ = u and v´= 1.5v. This change took place in 1976 and resulted in the inventing 
of the CIE L*u´v´ chromaticity diagram. 
There is one more important change in comparison with CIE XYZ: the Y lightness scale 
was replaced by L* scale. Reason was the same as when replacing x, y by u, v. Equal 
distances on the scale did not correspond to the changes perceived by observer. Y values were 
translated to other values that are approximately uniformly spaced by mathematical formula. 
The resulting L* scale has values from 0 to 100 where 100 relates to the perfect white 
whereas 0 value is connected with black colour. Besides CIELUV the L* lightness scale is 
used in CIELAB as well. [13] 
There exists a transformation by which you can get CIELUV 1976 from CIEXYZ 1931 
called forward transformation. Of course there is also reversed transformation by which you 
can get original CIEXYZ 1931 back from CIELUV 1976. These transformations are not 
the subject of this diploma work and they will not be more mentioned here as such. 
 
3.2.2.3. CIELAB colour space (1976) 
Purpose of modifying CIEXYZ to CIELUV or CIELAB is to better show uniform colour 
spacing in their values. CIE L*a*b* colour space is based on the discovery from the mid 
1960s that somewhere between the optical nerve and the brain, retinal colour stimuli are 
translated into distinctions between light-dark, red-green and blue-yellow. CIE L*a*b* 
indicates these values with three axes L*, a* and b*. 
 
 
 
Figure 3.13:  CIE L*a*b* 1976 colour space 
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CIE L*a*b* diagram is three dimensional. The central vertical axis corresponds 
to the lightness L* and its values can be from 0 (black) to 100 (perfect white). Remaining two 
axes corresponds to chromaticity of the colour. The colour axes are based on the fact that 
a colour cannot be red and green (or blue and yellow) because these colours oppose each 
other. Values run from positive to negative. Red on the a-axis has positive values while green 
has negative values. On the b-axis, positive values indicate the amount of yellow and negative 
values amount of green. Axes intersect at the 0 value which corresponds to neutral grey. [13] 
 
 
Figure 3.14:  CIE L*a*b* 1976 colour space in cross-sections 
 
CIE L*a*b* can be presented by many models. Figure 3.14 shows cross-sections 
of CIELAB colour space. We can see that in middle of the model (on the L-axis) there is 
the smallest saturation of the colour. As the distance from the centre increases also 
the saturation increases. If we “travel” round the middle cross-section the hue (or colour) is 
changing. And the last parameter defining the colour – lightness – is presented by the L-axis 
with black colour on the bottom of the diagram and perfect white on the top. 
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4. EXPERIMENTAL PART 
4.1. Chemicals used 
Chemicals used for this diploma were thermochromic pigments. They were named as 
follows: 
- ThermChrom BG (pigmented material with colour transition brown – green) – “BG” 
- ThermChrom VB (pigmented material with colour transition violet – blue) – “VB” 
- ThermChrom OY (pigmented material with colour transition orange – yellow) – “OY” 
Thermochromic pigments were mixed in compounding process with polypropylene 
suitable for fibre-making process. Polypropylene chosen was: 
- Polypropylene Mosten NB 425 (Unipetrol RPA, s.r.o.) 
 
4.2. Devices used 
Preliminary tests: 
- Drying oven Venticell, BMT, a.s. 
- Oven Classic 
- Hot-air pistol Steinel HL2305LCD 
- Thermocouple Metex M-3860 D 
- Magnetic stirrer Yellow line MST Basic, TC1 (-10 – 400°C) 
- Differential Scanning Calorimeter TA Instruments DSC 2920 
- Gretag Macbeth SpectroScan 
- Magnetic stirrer  
 
Processing: 
- Extrusion unit:  Betol 1825 (Betol Machinery Limited) 
 Water bath 
 Dryer 
 Pelletizing system Scheer SGS 25 E4 (CF Scheer&CIE Sttutgart) 
- Semi-operational unit for production of shaped elongated fibres (Chemosvit 
Fibrochem, a.s.) 
- Machine GOAL 1200 from the Rieter company 
- Laboratory small-diameter knitting machine FAK 
 
Fibre characterization: 
- Differential Scanning Calorimeter TA Instruments DSC 2920 
- Gretag Macbeth SpectroScan 
- Magnetic stirrer 
 
4.3. Methods used 
4.3.1. Determination of the thermal stability 
Whole experimental part is based on the usage of the thermochromic granules obtained 
from a commercial producer in a fibre-making industry. Temperatures used in the processes 
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of fibre-making are relatively high (around 260°C) so it was essential to find out how 
the thermochromic compounds respond to exposure to such temperatures.  
First tests were done in drying oven Venticell, BMT, a.s. (200°C) and oven Classic (230°C 
and 260°C). Tests served as preliminary ones because the ovens did not have the exact control 
of temperature. Deviation was ±10°C. 
Other tests were done using hot-air pistol and a thermocouple for determination 
of the exact temperature at which the tests were made. 
4.3.1.1. Test of thermal stability – Method 1 
1) Samples and devices  
- Samples: ThermChrom BG, VB, OY 
-  Devices:  Drying oven Venticell, BMT, a.s. 
  Oven Classic 
 
2) Instrumentation 
Testing temperatures: 200°C, 230°C and 260°C 
One granule of each sample of thermochromic material was placed into separate Petri dish. 
Drying oven Venticell was set to reach 200°C. After reaching required temperature, samples 
in Petri dishes were placed into the drying oven. Samples stayed in the drying oven 
for 5 minutes and they were left in the opened and turned-off drying oven to cool down 
slowly to the room temperature. 
Same procedure was used when testing thermal stability at 230°C and 260°C but this time 
the heating device was oven Classic and also there was a necessity of tempering the oven 
before placing samples in it. The tempering period was 20 minutes. 
 
4.3.1.2. Test of thermal stability – Method 2 
1) Samples and devices 
- Samples: ThermChrom BG, VB, OY 
- Devices:  Hot-air pistol Steinel HL2305LCD 
  Thermocouple Metex M-3860 D 
 
2) Instrumentation 
Testing temperatures: 260°C, 280°C and 300°C 
Hot-air pistol was placed on a stand by holders. Under the pistol there was a basin made 
of tinfoil. Hot-air pistol was turned on and the temperature nearby tinfoil basin was measured 
by thermocouple. When the temperature reached desired value (either 260°C, 280°C 
or 300°C), a granule of thermochromic material was placed into the basin. Granules were 
placed into the basin separately (unlike heating in an oven) and were heated for 5 minutes.  
 
4.3.2. Determination of thermochromic transition temperature 
Determination of thermochromic transition temperature (TTT) needed to be stated 
for further manipulation with the thermochromic compounds. Temperature of thermochromic 
transition tells us the temperature at which the thermochromic compounds change their 
colour.  
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1) Samples and devices 
- Samples: ThermChrom BG, VB, OY 
- Device: Magnetic stirrer Yellow line MST Basic, TC1 (-10 – 400°C) 
 
2) Instrumentation 
Sample of thermochromic material was fixed to the tip of the thermocouple. Thermocouple 
with the granule of pigment was placed into the beaker with distilled water. Magnetic stirrer 
was set to warm up distilled water to 37°C. Colour of the thermochromic granule was 
observed. Process was repeated five times for each type of thermochromic pigment. 
 
4.3.3. Determination of TTT of the granules after the test of thermal stability 
Reason for making this test was to find out if and how the temperature of thermochromic 
transition of the samples changes when the samples are exposed to the temperatures normally 
used in fibre-making processes. Granules which underwent test of thermal stability 
(see 4.3.1.) were used and the experiment done was exactly the same as determination of TTT 
(see 4.3.2). 
 
1) Samples and devices 
- Samples: ThermChrom BG, VB, OY which underwent the test of thermal stability 
- Device: Magnetic stirrer Yellow line MST Basic, TC1 (-10 – 400°C) 
 
2) Instrumentation 
Sample of thermochromic granule which underwent the test of thermal stability was fixed 
to the tip of the thermocouple. Thermocouple with the granule of pigment was placed 
into the beaker with distilled water. Magnetic stirrer was set to warm up distilled water 
to 37°C. Colour of the thermochromic granule was observed. Process was repeated three 
times for each type of thermochromic pigment. 
 
4.3.4. Differential scanning calorimetry 
Differential scanning calorimetry (DSC) is a technique for measuring heat necessary 
to establish a nearly zero temperature difference between a substance and an inert reference 
material, as the two specimens are subjected to identical temperature regimes 
in an environment heated or cooled at a controlled rate. [19] Heat can be either spent 
(endothermic process) or liberated (exothermic process). It is possible to record also 
the processes caused by change of heat capacity (Tg). Heat flow corresponds to energy 
transferred. It is measured in W (watts) or when measured in time W·s = J. 
There are two types of DSC systems in common use: power-compensation DSC and heat-
flux DSC. Second mentioned was used when working on diploma thesis. 
In heat-flux DSC (Figure 4.1), the sample and the reference are connected by a low-
resistance heat-flow path (a metal disc). The assembly is enclosed in a single furnace. 
Enthalpy or heat capacity changes in the sample cause a difference in its temperature relative 
to the reference. The temperature difference is recorded and related to enthalpy change in 
the sample using calibration experiments. 
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Figure 4.1:  Heat-flux DSC 
 
Graphical output of the analysis is the DSC thermograph from which glass transition 
temperature, melting, crystallisation, polymerisation, oxidation or degradation point can 
be evaluated. Area under the peaks of the thermograph is directly proportional to the amount 
of the heat absorbed or released by the sample. Tip of the peak determines the temperature 
of an enthalpy change. Analysis usually takes place in inert atmosphere, usually nitrogen one. 
DSC can serve also as a quantitative method besides qualitative one. The amount 
of the given substance in the sample can be determined from the heat absorbed or released 
by the sample. We take the total amount of absorbed or released heat as 100% and calculate 
how many percent of this is made by the area specifying internal change of the given 
substance. 
 
1) Samples and devices 
- Samples:  ThermChrom BG, VB, OY 
 Polypropylene Mosten NB 425 
- Device: TA Instruments DSC 2920 (Heat-flux DSC) 
 
2) Instrumentation 
Two pans were chosen with approximately the same weight. Sample of thermochromic 
material was cut to get the piece weighing 5-8 mg. Sample was placed in the centre of a pan. 
Both pans were placed into the calorimeter. Experimental parameters were set and program 
was started. Each sample was scanned two times to see the difference between the first and 
second heating to find out why the temperature of thermochromic transition was different 
for the samples which underwent the test of thermal stability. 
 
Experimental parameters: 
- Initial temperature: 35°C 
- Equilibrate to temperature: 40°C 
- Ramp: 10°C/min 
- Final temperature: 200°C 
- Number of repeating: 2 scans 
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4.3.5. Densitometry 
Densitometry is the quantitative measurement of optical density which is a unitless 
measure of the extent to which a substance transmits light or other electromagnetic radiation. 
The higher the optical density is the lower the transmittance is.  
Optical density is measured by devices called densitometers. Two types of densitometers 
exist depending on whether the light reflected (reflection densitometers) or light transmitted 
(transmission densitometers) is measured. Densitometers are used for measuring colour 
saturation by print professionals, and calibrating colour equipment. 
 
1) Samples and devices 
- Samples:  ThermChrom BG, VB, OY 
- granules of thermochromic pigment 
- granules from compounding process (mixture with PP) 
- non-stretched fibres 
- stretched fibres 
Polypropylene Mosten NB 425 
 
Table 4.1:  Naming of the colorimetric samples 
ThermChrom Concentrate 
Compounding 
product 
Non-stretched 
fibre 
Stretched fibre 
BG KBG DBG NBG SBG 
VB KVB DVB NVB SVB 
OY KOY DOY NOY SOY 
 
- Device: Gretag Macbeth SpectroScan with magnetic stirrer 
 
2) Instrumentation 
Samples intended to undergo densitometry measurement were pressed under heating 
to form flat solids required for such measurement. The measurement itself was done at four 
different temperatures (laboratory 25°C, 30°C, 35°C and 40°C) to show the temperature 
dependence of the sample’s colour. Samples were heated by magnetic stirrer with thermostat. 
Samples tested were the colour concentrates; granules from compounding process; non-
stretched fibres and stretched fibres and polypropylene used for processing. Samples were 
named by shorter names which are listed in the Table 4.1.  
CIE L*a*b* coordinates were measured to find out what is the original colour 
of the thermochromic material. The colour change we see is the combination 
of the foundation colour (i.e. the final one at higher temperatures) with the thermochromic 
colour. At low temperatures there are both colours presented, at higher temperatures there is 
only the colour of the foundation one (i.e. non-thermochromic). We will calculate 
the thermochromic colour by subtracting the resulting colour from the initial one because that 
difference is caused by thermochromic colour exclusively. 
CIE xyY coordinates were measured to show the change in brightness of the concentrates 
when temperature rises. Y coordinate determines the brightness (cd/m2). This measurement 
should prove that the thermochromic colour is always darker than the foundation one and so 
when temperature increases the brightness increases as well. 
Reflectance spectra of the samples are going to be compared to spectral reflectances of the 
corresponding colours reflectance spectra. 
42 
Experimental parameters: 
- Illumination D65 
- 2° observer 
- Absolute white background 
- Filter D65 
- Number of measurements: each sample 5 times  
 
4.3.6. Compounding 
Compounding is a technique used for homogenization of the two different materials 
into single one. Especially in polymer science it is usually some additive which has 
to be mixed into the polymeric matrix. In our case the additive is the thermochromic material 
and the polymeric matrix is the polypropylene. 
 
1) Experimental conditions 
- samples used:  ThermChrom BG, VB, OY 
Polypropylene Mosten NB 425 
- device used: Extrusion unit (see Scheme 4.1.) 
 
2) Instrumentation 
Whole process started by mixing of the 90 g of ThermChrom BG/VB/OY and 4050 g 
of polypropylene Mosten NB 425 in a closed pack. The amount of the material was calculated 
to get the 0.45% concentration of thermochromic material in the resulting granules. Mixture 
was poured out into the solids feeding funnel. Material melted and got mixed in the extrusion 
barrel by spinning of the extrusion screw. Homogenized material left the extrusion barrel 
through extrusion head and continued to the water bath where it cooled down. Next device 
was dryer which enabled the string to get rid of the residual water. Last step of compounding 
was pelletizing of the string. Compounding process is shown below in the Scheme 4.1. 
 
 
Scheme 4.1:  Extrusion line 
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To ensure good extrusion of the compound the experimental conditions of the used 
machines had to be found out at first. The extrusion machine was rinsed out by 5 kg of pure 
polypropylene Mosten NB 425 and while the polymer was extruded suitable experimental 
conditions were noted and they are showed in Table 4.1. The material passes the Barrel first 
from Zone 1 to 3 and then it goes through Head Zones 1 and 2.    
 
Table 4.2:  Experimental parameters of the extrusion machine Betol 1825 
Motor load: 0.8 – 1.6 A 
Screw speed: ~ 60 RPM 
Zone 2 190°C 
Head 
Zone 1 190°C 
Zone 3 200°C 
Zone 2 200°C 
T
em
pe
ra
tu
re
 
Barrel 
Zone 1 200°C 
 
Besides setting conditions of the extrusion machine it was also necessary to set 
the conditions of the pelletizing system as well. The most suitable ones fitting with the setting 
of the extrusion machine were:  Feed-roll: 19.00 
 Rotor: 14.00 
 
4.3.7. Spinning 
Synthetic fibre preparation is inspired by the silkworm caterpillar which excretes 
continuous fibre of great properties. Majority of the chemical fibre production is based 
on the same principle which is the extrusion of the liquid through the opening and change 
of the liquid stream formed into the solid fibre. Process described is generally called 
the spinning. Polymers intended for spinning have to fulfil several conditions like optimal and 
uniform polymerization degree, at least partial crystallinity or linear macromolecules without 
bulky side groups. 
First step in fibre-manufacturing process is the transformation of the macromolecular 
compound into the state at which it is able to flow. This can be done by two ways which also 
give name to the two technological processes of spinning and these are spinning 
from the solution and spinning from the melt. Second mentioned technological process was 
used during the work on diploma thesis and so it is the only one described here. 
Polymers suitable for spinning from the melt have to form the melts of the required 
viscosity (e.g. polyamide, polyethyleneterephthalate). Processing temperature is increased 
to lower the viscosity of the melt. Such increased temperature is close enough 
to the degradation temperature and from that reason the shortest time polymer has to spend 
in the melting zone is advisable. 
Various additives can be added into the material intended for spinning. Additives can 
affect either the spinning process or the properties of fibre made. Most significant ones are 
thermal stabilizers, antioxidants, modification additives, colour pigments etc. Fundamental 
technological requirement for achieving uniform thickness of the fibre is the homogeneity 
of the spinning material. Great emphasis is put on the mixing (e.g. with additives) and getting 
rid of all the impurities. Mechanical impurities are separated by filtration, air bubbles are 
taken out by venting under the vacuum or by inducing the overpressure. 
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First direct process of the spinning is the extrusion of the liquid spinning material through 
tiny openings (spinning nozzles) and formation of the thin streams of the liquid sometimes 
referred to as liquid fibres. Fibre is significantly elongated and reduced in thickness due to the 
action of the gravity force and the draw-off force caused by difference draw-off and spinning 
speed. Melting of the polymer can be done by two different ways. The polymer is melted 
either using the heated grate or the extrusion machine with screw. Extrusion machine was 
used when working on diploma work. 
Final part of fibre-making process is the physical modification of the fibre made. The most 
important physical modification is without the doubts fibre stretching. Principle is 
the mechanical extension of the fibre to multiply its initial length. Deformation orientation 
of the polymeric material and required anisotropy of the fibre accompanies the stretching 
process. Fibre stretching gives it not only desired strength but also the elasticity and gloss. 
Stretching ratio (difference between initial and final length of the fibre) is usually between 3 
and 6 but may reach the values of 40 when using special processes. 
Fibre orientation is only possible when a certain moveability of the macromolecules is 
ensured. The bigger the moveability the easier the orientation is and from that reason 
the stretching is done at the temperatures above the glass-transition temperature. 
Orientation of the fibres causes several tensions to occur which negatively affects 
the strength. Relaxation of the internal tensions is achieved by the process called fixation 
of the fibres. It is in fact the last step in the fibre-making process and it is based 
on the formation of the conditions allowing the local movements of the macromolecular 
segments (above Tg) and thus the releasing of the tension, structural modification transition 
etc. which leads to the decreasing of the internal energy of the system. [20] 
As for diploma thesis, whole spinning and stretching process was done using the semi-
operational unit provided by Chemosvit Fibrochem, a.s. (Slovakia).  
 
1) Samples and devices 
- Samples: mixture of ThermChrom BG, VB, OY with PP Mosten NB 425 
- Device: semi-operational unit provided by Chemosvit Fibrochem, a.s. (Slovakia) 
 
2) Instrumentation 
Mixture of thermochromic material and polypropylene was placed into the reservoir and 
went through feeding pipe to extrusion barrel. Next step was its extrusion through tiny 
extrusion jets (diameter 0.5 mm) and formation of fibres. Afterward it was cooled down and 
winded up on the coils. Whole spinning process was recorded and the photos are attached 
in the Appendix A. 
Fibres made and winded up on the coil were then being stretched using the machine GOAL 
1200 (Rieter). All three fibres and the reference sample were processed under the same 
conditions. 
 
Experimental parameters of the spinning: 
- Speed: 1500 ot/min 
- Fineness: 95 dtex 
- Tension: 4cN 
- Temperatures: 240°C (zone I), 250°C (zone II), 260°C (zone III) 
- Blow : maximal 
- Winding : till the depletion 
45 
Experimental parameters of the stretching: 
- Speed: 450 m/min 
- Temperature: 123°C 
- Stretching ratio: 1.47 
- Tension: 22.2 cN 
 
Finally 5 metres long knits were made from all three thermochromic stretched fibres and 
reference fibre to find out if there are any differences in processing the fibre with and without 
the thermochromic additives.  
 
4.3.8. Characterization of the stretched fibres 
Characterization of the fibres was done by Chemosvit Fibrochem, a.s. Fineness 
of the fibres, strength and elongation to fracture were measured according to the national 
norm STN 80 0702. 
Fineness T of a fibre is a textile quantity. Its unit is tex (g/km) but more often it is used its 
derivation dtex (g/10km). Value is calculated by simple measurement when we take 100 m 
of the fibre and weigh it. We will get the fineness of the fibre by substitution of the mass and 
length in equation (1). 
 
 
l[km]10
m[g]
T[dtex]
1 ×
=
−
 (1) 
 
Where  m stands for weight 
 l stands for length (in our case 100 m, i.e. 10-1 km) 
 
Having the fibres with the same fineness, the fibres with bigger density are those 
with smaller diameter.  
 
4.3.8.1. Determination of PP fibre contraction 
Determination of the contraction of the PP fibre was done using the internal method of 
Chemosvit Fibrochem, a.s. It is the change of initial length of the fibre due to its increase in 
volume under the prescribed conditions. We will get the KK-value (contraction coefficient 
value) after the calculations are done. 
 
1) Samples and devices 
- Samples:  fibres from thermochromic samples and reference sample 
- Devices:  Heated water-bath 
 Drying-oven 
 Loading machine 
 
2) Instrumentation 
Hank of the length 8 m was put into the water-bath having temperature 70°C for 30 s. 
Length of the wet hank was measured when loaded by 0.2 cN/dtex. Hank was then dried 
in the drying-oven at 60°C for 30 min, cooled down at 20°C for 5 min and then the length 
of the hank was measured again when loading by 0.002 cN/dtex. 
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Formula for calculation of the KK-value is: 
 
 100×
−
=
a
ba
KK  (2) 
 
where  a stands for the length of the wet fibre 
 b stands for the length after drying 
 
The resulting KK-value is expressed in percents. The optimal table values 
for polypropylene fibres are around 40%. 
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5. RESULTS AND DISCUSSION 
5.1. Determination of the thermal stability 
5.1.1. Test of thermal stability at 200°C, 230°C and 260°C 
Instrumentation: see 4.3.1.1. 
Thermochromic compounds BG, VB and OY having their initial colours were put 
into oven and heated there to 200°C, 230°C and 260°C. Immediately after their removing 
from oven they possessed colour corresponding to expected colour of thermochromic 
transition (i.e. initially brown granules were green, violet ones were blue and orange granules 
were yellow). Samples were melted which was no wonder having in mind that they are mostly 
made of polypropylene matrix.  
Samples were left at the room temperature and observed. They cooled down in a few 
minutes and together with cooling BG and OY changed the colour back to initial one. VB 
compound took more time to get back to initial colour; this time was approximately 
30 minutes. Experiment proved thermochromism of testing compounds. 
 
5.1.2. Test of thermal stability at 260°C, 280°C and 300°C 
Instrumentation: see 4.3.1.2. 
Three types of thermochromic compounds were used (BG, VB and OY). Granules melted 
when heated as it was supposed. There was no problem with granules at 260°C. VB granules 
completely melted and there was a smell of burn at 280°C and from that reason VB granules 
were not used for testing at 300°C.  
GB and VB looked normal after testing at 280°C. Testing at 300°C showed the granules 
should not be used at such temperatures. There was obvious degradation of colour from bright 
one to darker one. 
 
5.2. Determination of thermochromic transition temperature 
Instrumentation: see 4.3.2. 
Samples were heated to pre-set temperature (37°C) and they were observed during 
the whole process of heating. Temperature was written down when the colour of the samples 
began to change. 
The colours of the samples returned to the initial ones after cooling samples down to room 
temperature. We can state that the thermochromic transition is reversible for these types 
of thermochromic compounds after testing at given temperatures. 
Table 5.1shows the temperatures of thermochromic transition of samples used. The lowest 
TTT was measured for the sample VB and it was 29.6°C, almost the same TTT was measured 
for sample GB – 29.8°C. The highest measured TTT was 30.6°C of the sample OY. 
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Table 5.1:  Temperatures of thermochromic transition of thermochromic compounds 
ThermChrom BG VB OY 
1 29.5 29.6 30.4 
2 29.8 29.7 30.6 
3 29.9 29.8 30.6 
4 29.9 29.4 30.8 
M
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5 29.9 29.6 30.7 
Average TTT 29.8 29.6 30.6 
 
5.3. Determination of TTT of the granules after the test of thermal stability 
Instrumentation: see 4.3.3. 
Samples were heated to pre-set temperature (37°C) and they were observed during 
the whole process of heating. Temperature was noted when the colour of the granule changed. 
When heating stopped and granules were let to cool down they all got into their beginning 
colours. Thermochromism was not lost by exposing thermochromic concentrate 
to the temperatures up to 260°C. 
 
Table 5.2:  Temperatures of thermochromic transition of thermochromic concentrate (20%) 
after the test of thermal stability at 200°C, 230°C and 260°C (see 4.3.1.1.) and 
260°C, 280°C and 300°C (see 4.3.1.2.) 
Method 1 Method 2 
ThermChrom 
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1 28.3 28.5 28.5 28.4 28.5 - 
2 28.4 28.5 28.6 28.4 28.7 - 
3 28.3 28.7 28.6 28.6 28.4 - 
BG 
Ø 28.3 28.6 28.6 28.5 28.5 - 
1 29.5 29.0 29.9 29.5 - - 
2 29.4 29.4 30.0 29.7 - - 
3 29.4 29.1 30.1 29.8 - - 
VB 
Ø 29.4 29.2 30.0 29.7 - - 
1 28.5 28.3 28.5 28.3 28.6 - 
2 28.3 28.4 28.6 28.3 28.7 - 
3 28.4 28.5 28.5 28.4 28.2 - 
OY 
Ø 28.4 28.4 28.5 28.3 28.5 - 
 
Table 5.2 shows the measured temperatures of thermochromic transitions for all three 
samples tested. There is only slight difference between those temperatures for each sample 
at given temperature. For example TTT of sample BG varies only by 0.3°C and this 
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difference can be caused also by the fact that the observation was done by eye only and hence 
is not objective. 
 
Table 5.3:  Difference in TTT before and after the test of thermal stability by Method 1 and 
Method 2 
ThermChrom BG VB OY 
Initial TTT [°C] 29.8 39.6 30.6 
TTT [°C] tested at 200°C 28.3 29.4 28.4 
TTT [°C] tested at 230°C 28.6 29.2 28.4 
M
et
h
o
d
 
1
 
TTT [°C] tested at 260°C 28.6 30.0 28.5 
TTT [°C] tested at 260°C 28.5 29.7 28.3 
TTT [°C] tested at 280°C 28.5 - 28.5 
M
et
h
o
d
 
2
 
TTT [°C] tested at 300°C - - - 
 
Graph 5.1:  Comparison of TTT before and after the tests of thermal stability 
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Temperature of thermochromic transition has decreased by approximately 1.5°C 
for the sample BG and 2°C for the sample OY when heating up. The changes in TTT were 
almost the same no matter if we heated it to 200, 230, 260 or 280°C. 
Measured temperature of thermochromic transition for VB has not almost changed. 
The difference between all done measurements is 0.8°C which can be neglected 
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having in mind that the observation was only visual and on that account subjective. The fault 
of the measuring TTT of VB is also because the change in colour from violet to blue was not 
as obvious as when measurements were done with BG and OY. 
 
5.4. Differential Scanning Calorimetry of ThermChrom BG, VB and OY 
Instrumentation: see 4.3.4. 
Thermochromic materials BG, VB and OY and pure PP Mosten NB 425 were analysed 
by differential scanning calorimetry. First two graphs show the similarities of the BG, VB and 
OY samples when scanned for first and second time respectively. 
 
Graph 5.2:  Differential scanning calorimetry of the samples – Scan 1 
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There is obvious similarity between the curves describing the behaviour of the samples 
BG, VB and OY (Graph 5.2). The main difference is between the values of heat flow 
at different temperatures. The difference between BG and OY curve is small but the VB curve 
is placed in more negative values. If we compare the DSC curves of thermochromic material 
with the curve describing the behaviour of PP, we can find out that the biggest peak 
at approximately 170°C corresponds right to the polypropylene. When the curves were 
analysed by special software for DSC analyses, it was found out that the peak (to be more 
precise the area under the peak) corresponds to 80% containment of polypropylene 
in the whole mixture. Residual 20% are formed by thermochromic pigment. 
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Graph 5.3:  Differential scanning calorimetry of the samples – Scan 2 
Differential Scanning Calorimetry (Scan 2)
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When looking at the Graph 5.3 we can see the similarity between the DSC curves 
of the thermochromic samples again. Peak at 165°C corresponds to 80% of polypropylene 
in the whole mixture. There are differences in the values of heat flow as well as in Scan 1. 
The first part of the graph has smoothened evidently. This may happened due to internal 
change in the material which has stabilized this way.  
Each of the following Graphs 5.4, 5.5 and 5.6 shows two scans made with each 
thermochromic material. The conditions of the scans were not changing. The biggest 
differences as it was already said and expected are in the region of the temperatures 
from 40°C to 120°C. The smoothening of the DSC curve is very obvious when studying those 
graphs. The change of the first half of the graph can be caused by some sort of stabilization 
which leads to internal changes. This change happens only when the sample is heated 
for the first time. When the scan was made for the third time, the DSC curve fitted exactly 
to the second scan. Second part of the graph can be interpreted easily. There is an obvious 
melting of polypropylene part of the sample at approximately 165°C.  
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Graph 5.4:  Differential scanning calorimetry of the samples – BG concentrate 
Differential Scanning Calorimetry - BG
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Graph 5.5:  Differential scanning calorimetry of the samples – VB concentrate 
Differential Scanning Calorimetry - VB
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Graph 5.6:  Differential scanning calorimetry of the samples – OY concentrate 
Differential Scanning Calorimetry - OY
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5.5. Densitometry measurements of ThermChrom BG, VB and OY 
Instrumentation: see 4.3.5. 
CIE L*a*b* coordinates of the samples were measured. The values are shown in the Table 
5.4. We can see that the CIE L*a*b* coordinates change evidently when the temperature 
increased from 25°C to 30°C which is in accordance with the previous measurement of TTT 
(see 5.2.) because all three thermochromic materials has its temperature below or very close 
to 30°C. 
 
Table 5.4:  CIE L*a*b* coordinates of the thermochromic concentrates 
KBG KVB KOY 
Temp (°C) 
L* a* b* L* a* b* L* a* b* 
25 40,38 8,76 8,78 23,45 30,04 -42,91 58,02 53,24 44,14 
30 62,57 -46,23 27,39 48,29 -13,87 -43,64 82,19 -3,81 69,70 
35 64,25 -53,13 29,81 49,94 -18,58 -41,82 84,01 -9,28 72,63 
40 63,31 -53,58 29,69 50,13 -19,07 -41,75 83,95 -9,66 71,52 
Thermochromic 
colour 
22,93 62,34 -20,92 26,67 49,12 -1,16 25,93 62,90 -27,38 
 
The colour change is more obvious in the following Graph 5.7. It was impossible to make 
the well-arranged graph of all three coordinates and their temperature dependence. From that 
reason the Graph 5.7 deals only with the a and b coordinates which determine 
the chromaticity of the colour and temperature dependence of the measurement. This is 
usually used simplification and the resulting graph is called CIELab diagram. Values of a and 
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b are almost the same at 30, 35 and 40°C and from that reason are in Graph 5.7 marked only 
the values at 40°C, the rest two lies on the line KBG, KVB, KOY. 
 
Graph 5.7:  CIE Lab diagram of the thermochromic concentrates 
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Note:  The a-coordinates represent colours going from green (negative) to red (positive) and b-coordinates 
represent colours going from blue (negative) to yellow (positive). 
 
Positions of the foundation colours are as expected before the measurement was done. 
Special software was downloaded to show the exact colours. Software was called Digital 
Colour Atlas 3.0 and it used for calculations the CIE Lab coordinates measured 
by densitometer. The colour changes are showed in the Table 5.5 below. 
 
Table 5.5:  Exact colours of the ThermChrom BG, VB, OY obtained by special software 
Initial colour Final colour Colour difference 
ThermChrom Thermochromic + 
foundation colour 
Foundation colour 
Thermochromic 
colour 
BG    
VB    
OY    
 
Result of the measurement of CIE L*a*b* coordinates is obvious and it does not matter 
whether we look at the Table 5.3, Graph 5.7 or Table 5.5. It is highly probable that 
ThermChrom BG and OY have the same thermochromic system and only the foundation 
colour is changed which results in different colour transitions. Usage of the same 
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thermochromic system also causes remarkably similar behaviour of thermochromic materials 
BG and OY. Their DSC thermographs are almost identical, unlike ThermChrom VB their 
colour change is almost instant whereas VB needs some time to relax and change its colour 
back to initial one after heating. 
ThermChrom VB has slightly different thermochromic colour and its behaviour is also a 
bit different from the previous two materials and so we suggest that there is different 
thermochromic system used. Besides different colourimetry result there is also difference 
in its behaviour so it has presumably thermochromic system other than that used in BG and 
OY pigment. 
Measurements of CIE xyY coordinates of the thermochromic concentrates can clearly 
show how the brightness of the substance is changed when the temperature is increased. 
 
Graph 5.8:  Comparison of brightness of the thermochromic materials dependent 
on the temperature of the samples 
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These measurements proved the hypothesis. The thermochromic colour in the system has 
to be always darker than the foundation colour. When the temperature is increased and the 
dark thermochromic colour goes colourless, light foundation (non-thermochromic) colour 
occurs. This shift from darker to lighter hue can be observed in all three thermochromic 
materials. 
The same densitometry measurements were done with mixture of thermochromic material 
with polypropylene, non-stretched fibres and final stretched fibres. The values of those three 
samples were very similar due to the fact that they have the same composition different from 
that of thermochromic concentrate (PP added). To show the difference between the brightness 
of the thermochromic concentrates and those remaining samples there is the following graph 
with the values of brightness of the non-stretched fibres. 
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Graph 5.9:  Comparison of brightness of the non-stretched thermochromic fibres dependent 
on the temperature of the samples 
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We can see that there are no big differences between the brightness of the samples 
depending on their temperature. This is caused by huge amount of polypropylene in which 
the thermochromic concentrates were put. This polypropylene was of a bright colour which 
forbids from observing any major differences. 
Last colour characteristic to be mentioned is the reflectance spectrum. Several graphs 
with spectral reflectances curves follow. They can be compared to Figure 3.3 – Spectral 
characteristics of yellow, blue, red and purple objects. Comparison proves that when we see 
for example the yellow colour of the ThermChrom OY at higher temperatures its spectral 
reflectance fits to this of the standard yellow object. 
Graphs 5.10, 5.11 and 5.12 show the dependence of the spectral reflectance 
on the temperature for different thermochromic material concentrates used. When the same 
measurement was done with the samples were polypropylene was in considerably bigger 
amount (mixtures after compounding, etc.), the graphs did not show the spectral 
characteristics as obviously as the concentrates did.  
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Graph 5.10:  Reflectance spectrum of the ThermChrom BG concentrate 
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Graph 5.11:  Reflectance spectrum of the ThermChrom VB concentrate 
Reflectance spectrum - KVB
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Graph 5.12:  Reflectance spectrum of the ThermChrom OY concentrate 
Reflectance spectrum - KOY
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Following graph shows the spectral reflectance curve of ThermChrom BG as a comparison 
of concentrate, mixture after compounding and non-stretched fibre at 25°C and 40°C 
respectively. 
 
Graph 5.13:  Reflectance spectrum of the ThermChrom BG concentrate, mixture after 
compounding, non-stretched fibre and stretched fibre at 25°C 
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Graph 5.14:  Reflectance spectrum of the ThermChrom BG concentrate, mixture after 
compounding, non-stretched fibre and stretched fibre at 40°C 
Reflectance spectrum - BG (40°C)
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When studying Graph 5.13 and 5.14 we can say that the samples became more transparent 
when polypropylene was added. This difference in transparency is less obvious at higher 
temperatures because thermochromic system becomes colourless and only light transparent 
foundation colour remains. 
Colourimetry measurements fulfilled the expectations we had. Thermochromic materials 
behave in accordance with the theory. Greatest asset was achieved when measurements were 
done with thermochromic concentrates. The rest of the samples contained too much 
of polypropylene which affected the results strongly. 
  
5.6. Compounding 
Instrumentation: see 4.3.6. 
After compounding process we got the granules of the approximately same size 
as the granules of polypropylene Mosten NB 425. Granules were cylindrical with the height 
4 mm and diameter 2 mm. Granules were homogenously coloured and did not show any signs 
of impurities which was important for the final step in making fibres which was spinning. 
Granules were put into the double-packing to protect them from getting impurities or air 
moisture in which would disallow further spinning. 
 
5.7. Spinning of the compounded material 
Instrumentation: see 4.3.7. 
Photo-documentation: see Appendix A 
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Fibres were made out of all three thermochromic samples and reference sample under 
the same conditions. The processing ability was considered to be satisfying. Knits of the 
length 5 m were done from each sample. Processing of BG and OY was done without any 
problems. Processing of VB was complicated by often tearing of the fibre. It is highly 
probable that this was caused by properties of VB found out earlier. Its thermal stability 
maximum is at 260°C which was the processing temperature of spinning. It can be stated that 
the fibres with thermochromic additives BG and OY of the given concentrations (0.45%) can 
be processed by normal way without any method modifications. Spinning of VB is 
recommended to be done at lower temperatures. 
 
5.8. Characterization of the stretched fibres 
Instrumentation: see 4.3.8. 
Characterization of the stretched fibres was done in the laboratories of Chemosvit 
Fibrochem, a.s. Well-arranged table was made with the results they provided to us. 
 
Table 5.6:  Mechanical properties of the fibres 
Quantity Unit BG VB OY PP Mosten PP [21] 
Elongation to fracture % 14.17 36.6 38.14 41.37 15 – 60 
Strength cN 169.49 178.72 177.69 176.47 -- 
Relative strength cN/dtex 2.54 2.72 2.63 2.69 1.5 – 6 
Linear density dtex 66.7 65.8 67.5 65.5 -- 
KK % 45.5 46.9 43.0 47.2 > 40 
 
Values of mechanical properties of the produced fibres were compared to standard values 
[21]. As we can see the values measured for the stretched fibres prepared with thermochromic 
additives are in accordance with the table values.  
 
Graph 5.15:  Strength of the stretched fibres 
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All three types of stretched fibres have approximately the same strength as it can be seen 
on the Graph 5.15. The highest value has the fibre containing the ThermChrom VB and its 
178.72 cN. The lowest value of the strength has the fibre with ThermChrom BG which was 
169.49 cN. To compare the values of the strength of the fibres we have to calculate 
the relative strength. The calculation is done by dividing the total strength by the fineness 
of the fibre. We get values in cN/dtex.  
 
Graph 5.16:  Relative strength of the stretched fibres 
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If we compare relative strength of the fibres the differences are even smaller than when 
comparing the strength itself. The fibres with the highest and lowest values do not change, 
the highest value has VB fibre again (2.72 cN/dtex) and the lowest value has BG fibre 
(2.54 cN/dtex). Relative strength of the fibres lies in the region usual for polypropylene fibres. 
We can state that the fibres are not affected by thermochromic additives up to their 
concentration of 0.45% when the comparing quantity is strength. 
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6. CONCLUSIONS 
Literature search was done to learn about thermochromism. We focused on thermochromic 
reversible systems in particular. Thermochromic mechanisms are described in the theoretical 
part of diploma thesis. 
Three thermochromic compounds were named ThermChrom BG (colour change from 
brown to green), ThermChrom VB (colour change from violet to blue) and ThermChrom OY 
(colour change from orange to yellow) were used in experimental part for its application into 
polypropylene. Granules of thermochromic compounds were mixed with the granules 
of polypropylene suitable for spinning. Polypropylene Mosten NB 425 produced by Unipetrol 
RPA, s.r.o. was chosen. Final products of compounding process were granules of the same 
size as the initial ones. These granules were processed to fibres on the semi-operational unit 
for production of shaped stretched fibres provided by Chemosvit Fibrochem, a.s. 
Preliminary tests were done with samples to see how they behave at increased temperature. 
Firstly the temperature of thermochromic transition was found. All thermochromic samples 
exhibited thermochromic colour transition at approximately 30°C. Another set of tests was 
done to find out the ceiling temperature they can be exposed to. These tests of thermal 
stability were important because thermochromic compounds were intended to undergo fibre-
making process where temperatures reach 260°C. It was found out that ThermChrom BG and 
OY stand the temperatures up to 280°C whereas ThermChrom VB is suitable for using at 
260°C at most. Tests of thermal stability proved the thermochromic compounds are suitable 
for fibre-making process. 
Colourimetry measurements were done on every sample from each of the production steps 
which involve initial granules of thermochromic concentrates, granules after compounding 
process, non-stretched fibres and final stretched fibres. Measurements allowed describing 
the colours of the thermochromic transitions exactly. Each thermochromic concentrate contain 
thermochromic and foundation colour. Analysis of the data from the colourimetry 
measurements confirmed the thermochromic colour. Due to this we can state that 
ThermChrom BG and OY contain supposedly the same thermochromic colour and the 
difference is in the foundation colour only. ThermChrom BG has as a foundation colour the 
green one whereas OY has yellow one. ThermChrom VB has slightly different 
thermochromic colour. It contains less red colour. The usage of different thermochromic 
colour explains also the distinct behaviour of VB no matter if we look at the results from the 
tests of thermal stability or the colourimetry measurements. 
Fibres made were characterized by Chemosvit Fibrochem, a.s. The data clearly shows that 
the thermochromic additives do not influence the mechanical properties of the fibres. All 
results obtained from the measurements fitted the standard values. Spinning of the VB 
material was not ideal, for future fibre-making of VB it is recommended to use lower 
processing temperature because of its lower thermal stability. 
At the conclusion we can state that the thermochromic additives we used are suitable 
for fibre-making industry and they do not affect the resulting properties of the fibres. 
Thermochromism was preserved during the whole process and the final product made within 
diploma thesis – the knits – change their colour when heated above 30°C. 
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8. LIST OF SYMBOLS 
BG thermochromic material changing its colour from Brown to Green 
VB thermochromic material changing its colour from Violet to Blue 
OY thermochromic material changing its colour from Orange to Yellow 
SP spiroheterocyclic form 
MC merocyanine-like structure 
UV ultraviolet 
VIS visible 
NIR near infra-red 
hυ quantum of energy 
wt% weight percents 
λ wavelength 
max maximum 
NMR Nuclear Magnetic Resonance 
HT head-tail (coupling) 
HH head-head (coupling) 
TT tail-tail (coupling) 
RYB theory red, yellow and blue theory 
RGB theory red, green and blue theory 
CMY theory cyan, magenta and yellow theory 
CMYK theory cyan, magenta, yellow and key colour theory 
CIE International Commission on Illumination 
UCS Uniform Chromaticity Scale 
TTT temperature of thermochromic transition 
DSC Differential Scanning Calorimetry 
D65 standard illuminant defined by the CIE and corresponding roughly to a 
mid-day sun in Western/Northern Europe 
Tg Glass-transition temperature 
PP polypropylene 
STN National Technical Norm 
dtex decitex 
T[dtex] fineness in decitex 
KK contraction coefficient 
Ø average 
K BG/VB/OY ThermChrom BG/VB/OY concentrate 
D BG/VB/OY ThermChrom BG/VB/OY mixture after compounding 
N BG/VB/OY ThermChrom BG/VB/OY non-stretched fibre 
S BG/VB/OY ThermChrom BG/VB/OY stretched fibre 
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9. LIST OF APPENDICES 
Appendix A: Spinning process. 
Appendix B: Thermochromic samples. 
Appendix A: Spinning process (Chemosvit Fibrochem, a.s.) 
I 
 
Figure 9.1:  Reservoir of the material for spinning – here the mixture was put 
 
 
Figure 9.2:  Feeding pipe 
 
Appendix A: Spinning process (Chemosvit Fibrochem, a.s.) 
II 
 
Figure 9.3:  Extrusion barrel 
 
 
Figure 9.4:  Spinning nozzles 0.5 mm (fibres formation) 
 
Appendix A: Spinning process (Chemosvit Fibrochem, a.s.) 
III 
 
Figure 9.5:  Multi-filament fibre making and cooling 
 
 
Figure 9.6:  Winding up the multi-filament fibre 
Appendix B: Thermochromic samples 
IV 
 
Figure 9.7: ThermChrom concentrates in the form of granules and pressed samples  
(left – BG, middle – VB, right – OY) 
 
 
Figure 9.8:  ThermChrom mixtures after compounding in the form of granules and pressed 
samples (left – BG, middle – VB, right – OY) 
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Figure 9.9:  ThermChrom BG in the form of technical knit 
 
 
Figure 9.10:  ThermChrom BG in the form of technical knit - detail 
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Figure 9.11:  ThermChrom VB in the form of technical knit 
 
 
Figure 9.12:  ThermChrom VB in the form of technical knit – detail 
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Figure 9.13:  ThermChrom OY in the form of technical knit 
 
 
Figure 9.14:  ThermChrom OY in the form of technical knit - detail 
